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Abstract This study assessed the effects of different selenium
(Se) supplementation levels on oxidative stress, cytokines,
and immunotoxicity in chicken thymus. A total of 180 laying
hens (1 day old; Mianyang, China) were randomly divided
into 4 groups (n=45). The chickens were maintained either
on a basic diet (control group) containing 0.2 mg/kg Se, a low-
supplemented diet containing 5 mg/kg Se, a medium-
supplemented diet containing 10 mg/kg Se, or a high-
supplemented diet containing 15 mg/kg Se for 15, 30, and
45 days, respectively. Over the entire experimental period,
serum and thymus samples were collected and used for the
detection of the experimental index. The results indicated that
the antioxidative enzyme activities and messenger RNA
(mRNA) levels of antioxidative enzymes, IFN-y and IL-2 in
the thymus, and the content of [FN-y and IL-2 in the serum of
excessive-Se-treated chickens at all time points (except for the
5 mg/kg Se supplement group at 15 days) were significantly
decreased (P<0.05) compared to the corresponding control
groups. Interestingly, a significantly increase (P<0.05) in
the content of IFN-y was observed in the serum and thymus
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in the 5 mg/kg Se supplement group at 15 and 30 days com-
pared to the corresponding control groups. In histopathologi-
cal examination, the thymus tissue from excessive-Se-treated
chickens revealed different degrees of cortex drop,
incrassation of the medulla, and degeneration of the reticular
cells. These results suggested that the excessive Se could re-
sult in a decrease in immunity, an increase in oxidative dam-
age, and a series of clinical pathology changes, such as cortex
drop, incrassation of the medulla, and degeneration of the
reticular cells.

Keywords Chicken - Selenium - Cytokine - Oxidativestress -
Immunotoxicity

Introduction

Selenium (Se) is an essential trace element for a wide range of
species, including birds, and insufficient intake of Se in humans
has been proven to be linked to “Keshan disease” and “White
muscle disease” [1, 2]. Numerous studies have shown that Se
plays an important role in chemoprevention [3, 4], neurobiolo-
gy [5], aging [6], immune functions [7, 8], muscle metabolism
[9], reproduction [10], redox reactions [11], and many other
aspects of health [12, 13]. Many studies also demonstrated that
adequate Se prevents cancers in animals and humans [14, 15].
However, Se is toxic at levels slightly above homeostatic re-
quirement [16]. Excessive Se intake can result in adverse health
problems, including such symptoms as loss of hair and nails,
skin lesions, nervous system disorders, increased risk of ad-
verse type-2 diabetes and cardiovascular disease, and even pa-
ralysis and death [2, 17, 18].

Se is important for many cellular processes because it is a
component of several selenoproteins and selenoenzymes with
essential biological functions [13, 19, 20]. Oxidative stress is
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defined as a disruption of the pro-antioxidant balance that
leads to potential damage. The main antioxidative enzymes
for detoxification of reactive oxygen species (ROSs) in all
organisms are superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GSH-Px). An essential compo-
nent of GSH-Px is Se [21]. The Se-deficiency-induced oxida-
tive stress and antioxidant protection of selenoproteins such as
GSH-Px are perceived to be involved in the pathogenesis of
Se-deficiency-related diseases [22, 23]. Environmental con-
taminants, including excessive Se, can cause oxidative stress
that leads to generation of free radicals and alterations in an-
tioxidants or free oxygen radical scavenging enzyme systems
[24]. Lipid peroxidation (LPO) has been suggested as one of
the molecular mechanisms involved in Se-exposure-induced
toxicity [25].

Histological changes in animal tissues provide a rapid
method for detection of the toxicity effects of environmental
contaminants in various organisms, because of the relation-
ship between pollutant concentrations and animal tissue le-
sions [26, 27]. However, a lack of experimental findings exists
for the histopathological impact of Se-exposure on animal
tissues, including birds. In chickens, the thymus has important
functions in implementation of immune defense and mainte-
nance of a stable internal environment. Toxicopathic thymus
lesions in bird species are sensitive signs of immune organ
damage and have been used as biomarkers of chemicals in
environmental risk assessments [28, 29].

Cytokines are major modulators of immune responses to
infection, and therefore represent natural sources of
immunostimulation that could be used as an adjuvant in vac-
cines. Interleukin 2 (IL-2) and interferon-y (IFN-y) are pro-
duced by T-helper-1 cells and are critical components in im-
mune responses such as delayed hypersensitivity, macrophage
activation, and enhanced non-specific immunity to parasites
[30, 31]. Several studies on the messenger RNA (mRNA)
levels of IL-2 and IFN-y have been reported in chickens treat-
ed with environmental contaminants [32].

Previous studies on Se have focused primarily on Se defi-
ciency in birds, but studies on the toxic effects of excessive Se
in chickens are scarce in birds. Consequently, this study aimed
to evaluate the effect of excessive Se on the oxidative status,
histopathology, and cytokines of chicken thymus in vitro.

Materials and Methods
Animals and Experimental Design

All procedures used in this study were approved by the
Institutional Animal Care and Use Committee of Southwest
University of Science and Technology. A total of 180 laying
hens (1 day old; Mianyang, China) were randomly divided
into 4 groups (n=45). Each group was separated into five

pens (nine chickens per pen). The chickens were maintained
either on a basic diet (control group) containing 0.2 mg/kg Se
or a low-supplement diet containing 5 mg/kg Se, a medium-
supplement diet containing 10 mg/kg Se, and a high-
supplement diet containing 15 mg/kg Se for 15, 30, and
45 days, respectively. Over the entire experimental period,
experimental animals were given free access to feed and wa-
ter. On days 15, 30, and 45, blood and thymus tissue were
collected from chickens in each group after sodium pentobar-
bital administration. The prepared serum was stored at
—80 °C. The tissues were divided into three portions: one
portion was retained for protein and antioxidant enzyme anal-
ysis, the second was fixed in Bouin’s solution for histological
examination and cell apoptosis analysis, and the third was
stored at —80 °C for RNA isolation.

Measurement of IL-2 and IFN-y in Serum

The levels IL-2 and IFN-y in the serum were measured ac-
cording to the method of Chen et al. [33].

Measurement of Antioxidative Enzymes

Thymus samples were homogenized on ice in physiological
saline and centrifuged at 700xg to collect supernatants for
biochemical assays. Formation of MDA was determined as
an indicator of LPO using the thiobarbituric acid assay [34]
(MDA detection kit A003, Nanjing Jiancheng Bioengineering
Institute). GSH-Px (GSH-Px assay kit A001-3, Nanjing
Jiancheng Bioengineering Institute), CAT (CAT assay kit
A007-1, Nanjing Jiancheng Bioengineering Institute), and
SOD (SOD assay kit A003, Nanjing Jiancheng
Bioengineering Institute) were determined using the method
of Yao [35-37], according to the kit protocol. Protein concen-
trations of samples were measured using the Bradford method
[38].

Histology Analysis

For histological examination, tissues were fixed in Bouin’s
solution, dehydrated with a graded series of ethanol, cleared
in xylene, and embedded in paraffin. Sections with 5-6-mm
thickness were prepared from paraffin blocks using a Reichert
microtome and subsequently stained with hematoxylin and
eosin. Histopathological changes were examined under a
Leica DME 100 light microscope.

Quantitative Real-Time PCR Analysis
The primers for real-time amplification of the CuZn-SOD, Mn-
SOD, CAT, GSH-Px, IL-2, IFN-y, and [3-actin cDNA were

designed using Oligo 6.0 Software (Molecular Biology
Insights, Cascade, CO) based on the deposited sequences in
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GenBank (Table 1). The PCR products were electrophoresed
on 2 % agarose gels, extracted, cloned into the pMD18-T vec-
tor (Takara, Ohtsu, Japan), and sequenced. BLASTX and
BLASTN were used to determine the PCR assay specificity.
The reaction specificity of each assay was verified by observing
a single peak in the melting curve. The qRT-PCR work was
conducted according to the MIQE guidelines.

Total RNA was isolated from the testes of each chicken
using Trizol reagent according to the manufacturer’s instruc-
tions (Invitrogen). The RNA preparation, qPCR procedure,
and relative mRNA abundance qualification processes were
the same as previously described [39]. The chicken -actin
gene was used as an internal reference. The magnitude of
change in gene expression relative to the controls was deter-
mined using the 27°*“" method reported by Livak and
Schmittgen [40].

Statistical Analyses

Statistical analyses of all data were performed using SPSS for
Windows (version 13, SPSS Inc., Chicago, IL). Data were
expressed as the mean+standard deviation, and differences
were considered significant if P<0.05. Tukey’s paired test
was used to determine significant differences between differ-
ent Se supplementation levels at the same time points in the
same indicators.

Results
Histopathological Analysis

The general histological examination indicated a low to mod-
erate incidence of thymus tissue damage of excessive-Se-

treated chickens. The histopathological changes in the thymus
tissue were shown in Fig. 1. Individuals in the control group
exhibited intact structures with regular morphology and did
not display any histological changes in the thymus tissues. In
contrast, the thymus tissues from excessive-Se-treated
chickens exhibited structural alterations, and the severity of
the alterations increased with Se supplementation level. As
shown in Fig. 1, the thymus tissue in excessive-Se-treated
chickens revealed different degrees of cortex drop,
incrassation of the medulla, and degeneration of the reticular
cells.

Analysis of Antioxidative Enzymes in the Thymus

The effects of different Se supplementation levels on antiox-
idative enzyme activity and MDA content in the thymus tissue
at all time points are summarized in Table 2. The activities of
GSH-Px, SOD, and CAT in different Se supplement groups
were significantly decreased (P<0.05) compared to the cor-
responding control group at all time points, except for the
5 mg/kg Se supplement group at 15 days. Interestingly, a
significantly increase (P<0.05) in the activities of GSH-Px,
SOD, and CAT was observed in the 5 mg/kg group at 15 days.
The activities of GSH-Px, SOD, or CAT between different Se
supplement groups showed a significant difference (P<0.05)
at the same time points. In contrast, the MDA content in dif-
ferent Se supplement groups was significantly increased
(P<0.05) compared to the corresponding control group at
all time points, except for the 5 mg/kg group at 15 days. The
MDA content between different Se supplement groups
showed a significant difference (P<0.05) at the same time
points, except for the 10 and 15 mg/kg groups at 15 days.
The mRNA levels of antioxidative enzymes in chicken
thymus under different Se supplementation levels are shown

Table 1 Gene-special primers

Primer (5’ — 3') Product size, bp

used in the real-time PCR Gene Accession number
CuZn-SOD  NM205064
Mn-SOD NM204211
CAT NMO001031215
GSH-Px NM001277853
IFN-y DQ470471
L2 AY510091
-actin L08165

Forward: CGCAGGTGCTCACTTTAATCC 119
Reverse: CTATTTCTACTTCTGCCACTCCTCC

Forward: CACTCTTCCTGACCTGCCTTACG 146
Reverse: TTGCCAGCGCCTCTTTGTATT

Forward: CTGTTGCTGGAGAATCTGGGTC 160
Reverse: TGGCTATGGATGAAGGATGGAA

Forward: TTGTAAACATCAGGGGCAAA 140

Reverse: TGGGCCAAGATCTTTCTGTAA

Forward: GAACTGGACAGGGAGAAATGAGA 153
Reverse: ACGCCATCAGGAAGGTTGTT

Forward: GAACCTCAAGAGTCTTACGGGTCTA 111
Reverse: ACA AAGTTGGTCAGTTCATGGAGA
Forward: TGCTGTGTTCCCATCTATCG 178
Reverse: TTGGTGACAATACCGTGTTCA
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Fig. 1 H&E-stained thymus
tissue sections from chickens:
panel a (H&E, x200) displays the
normal thymus histoarchitecture
of a control chicken at 45 days;
panels b—d (H&E, x200)
illustrate the 5 mg/kg Se,

10 mg/kg Se, and 15 mg/kg Se
supplement groups, respectively

in Fig. 2. A significant change (P<0.05) in the mRNA levels
of GSH-Px, CuZn-SOD, Mn-SOD, and CAT between control
group and Se supplement groups was observed at all time
points, except for GSH-Px in 10 mg/kg group and CAT in
the 5 mg/kg group at 30 days. The mRNA levels of GSH-
Px, CuZn-SOD, Mn-SOD, and CAT in 5 mg/kg group were
significantly increased (P <0.05) compared to the correspond-
ing control groups at 15 days, and the increases reached max-
ima. A significant difference (P <0.05) in the mRNA levels of
GSH-Px, CuZn-SOD, Mn-SOD, or CAT between different Se

D

supplement groups at the same time points was observed ex-
cept for CuZn-SOD in the 5 and 10 mg/kg groups at 45 days.

Analysis of IL-2 and IFN-y Content in the Serum and IL-2
and IFN-y mRNA Level in the Thymus

The concentrations of IL-2 and IFN~y in chicken serum and
thymus are summarized in Table 3. The contents of IFN-y in
different Se supplement groups in chicken serum and thymus
were significantly decreased (P<0.05) compared to the

Table 2 Determination of

antioxidative enzyme activities GSH-Px activity SOD activity CAT activity MDA level
and MDA level in the thymus (U/mg protein) (U/mg protein) ~ (U/mg protein)  (nmol/mg protein)
tissue of chickens by excessive Se
15 days  Control 31.49+2.08 ¢ 14.68+0.24 ¢ 88.42+1.12°¢ 8244044
5 mg/kg 23.48+1.61° 19.07+0.46 ¢ 99.41+1.05 ¢ 9.87+0.46 ™
10 mg/kg 21.41+1.02° 12.74+0.43° 79.47+0.96 ° 13.37+0.61 ¢
15 mg/kg 18.74+1.43° 8.94+£0442 70.04+£1.172 13.89+0.38 *
30 days Control 33.24+2.06¢ 15.64+0.64 ¢ 86.95+1.24 ¢ 8.58+0.61°
5 mg/kg 20.74+2.66 ¢ 12.15+0.71 ¢ 76.68+1.01° 10.85+0.57 °
10 mg/kg 16.74+0.99 ° 939+0.34° 64.93+194° 15.62+0.17 ¢
15 mg/kg 14.48+130° 73240212 50.84+1352 17.79+0.41 ¢
45 days  Control 31.09+2.13 ¢ 1537+0.93 ¢ 87.46+1.45¢ 8.64+043°
5 mg/kg 16.10+1.01 ¢ 10.33+0.49 ¢ 66.14+1.14° 14.16+0.71 °
10 mg/kg 13.45+0.69 ° 6.93+0.28° 5858+131" 17444027 ¢
15 mg/kg 10.04+0.68 * 564037 50.94+1.162 21594093 ¢

Note: The different small letters indicate significant differences (P <0.05) between any two dose groups at the

same time point
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Fig. 2 Effects of different Se supplementation level on the mRNA level
of antioxidative enzymes of chicken thymus. Each value represents the
mean + SD of five individuals. Tukey’s paired test was used to determine
significant differences between different Se supplementation levels at the
same time points in the same indicators. The different small letters on top

corresponding control groups at all time points except for the
5 mg/kg Se supplement group at 15 and 30 days. Interestingly, a

of'the bars in panels a to d indicate significant differences (P <0.05) in the
mRNA level of antioxidative enzymes between different Se
supplementation levels at the same time points. Those groups that share
a common letter on top of the bars are not significantly different
(P>0.05)

significantly increase (P<0.05) in the content of IFN-y in the
serum and thymus was observed in the 5 mg/kg Se supplement

Table 3 Determination of IFN-y
and IL-2 contents in the serum

Serum

Thymus

and the thymus of chicken by

excessive Se

@ Springer

IFN-y content

IL-2 content

IFN-y content

IL-2 content

(pg/mL) (pg/mL) (pg/mL) (pg/mL)
15 days Control 8.18+£0.44°¢ 5.52+0.15 12.71£0.21° 1521+£0.44°
5 mg/kg 10.61+0.33 ¢ 7.01+£043 ¢ 19.01+0.43 ¢ 27.61+1.12 ¢
10 mg/kg 7.14+022° 5.14+021° 10.41+0.43° 12.14+0.64°
15 mg/kg 6.75+0.06 4.05+0.142 745+£024° 7.05+£0212
30 days Control 7.97+0.37° 6.17£0.27 ¢ 14.17£0.37 ¢ 17.07+0.57 ¢
5 mg/kg 8.84+0.32¢ 471+0.12% 10.84+0.31 ¢ 13.84+£0.72°¢
10 mg/kg 6.94+0.24° 441+024° 7.44+027° 10.94+0.41°
15 mg/kg 41240112 3.21£0.142 43240212 6.12+0.17°
45 days Control 8.04+0319 5.74+0219 13.44+031 ¢ 16.45+0.71 ¢
5 mg/kg 5.81+0.54 " 4.81+0.14° 7.81+0.23°¢ 10.81+0.34¢
10 mg/kg 471+0.28" 3.01£0.18° 4.08+0.14° 8.04+0.24°
15 mg/kg 3.14+0.17° 1.14£0.07° 3.47+0.13° 5.14+0.14°

The different small letters indicate significant differences (P <0.05) between any two dose groups at the same

time point
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group at 15 and 30 days compared to the corresponding control
groups. The content of IFN-y between different Se supplement
groups in the serum showed a significant difference (P<0.05)
at the same time points in the serum and thymus, except for the
5 and 10 mg/kg Se supplement groups at 45 days.

The contents of IL-2 in chicken serum and thymus in differ-
ent Se supplement groups were significantly decreased
(P<0.05) compared to the corresponding control groups at all
time points except for the 5 mg/kg Se supplement group at
15 days. In contrast, a significant increase (P<0.05) in the
content of IL-2 was observed in the 5 mg/kg Se supplement
group at 15 days compared to the corresponding control group
in the serum and thymus. The content of IL-2 between different
Se supplement groups in the serum showed a significant differ-
ence (P<0.05) at the same time points in the serum and thymus,
except for the 5 and 10 mg/kg Se supplement groups at 30 days.

The effects of different Se supplementation levels on the
mRNA levels of IL-2 and IFN-y in chicken thymus are shown
in Fig. 3. The mRNA levels of IL-2 or IFN-y in different Se
supplement groups at all time points were significantly de-
creased (P<0.05) compared to the corresponding control
groups except for the 5 mg/kg Se supplement group at 15
and 30 days. In contrary, a significantly increase (P<0.05)
in the mRNA level of IL-2 or IFN~y was observed in the
5 mg/kg Se supplement group at 15 and 30 days compared
to the corresponding control group. The mRNA levels of IL-2
or IFN-y between different Se supplement groups showed a
significant difference (P <0.05) at the same time points.

Discussion

Se has a notably narrow concentration range from sufficiency to
deficiency and toxicity [41], and Se is toxic at concentrations of
only three to five times the essential concentration [42]. The
toxic effects of excessive Se intake have become a great threat
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Fig. 3 Effects of different Se supplementation level on the mRNA level
of IFN~y and IL-2 in the thymus tissues of chicken. Each value represents
the mean+SD of five individuals. Tukey’s paired test was used to
determine significant differences between different Se supplementation
levels at the same time points in the same indicators. Different small

to the health of humans and animals. However, studies are
limited on the effect of different Se supplementation levels on
the immune organs of chickens. Hence, this study was conduct-
ed to evaluate the effect of different Se supplementation levels
on the oxidative status, histopathology, cytokines, and
immunotoxicity in the thymus of laying hens. To the best of
our knowledge, this study was the first to examine the effects of
Se supplementation on histopathology, inflammation, and bio-
markers of oxidative stress in the thymus of laying hens.
Excess or deficiencies of Se has been implicated in major
pathophysiologies in animals and humans due to its major role
in redox processes. Studies have shown that Se plays an im-
portant role in the antioxidant defense system of animals and
humans [35, 36]. Xu et al. reported that the GSH-Px activity
and levels of Se and glutathione (GSH) in Se-deficient
chickens are seriously reduced by 33.8-96 % (P<0.001),
24.51-27.84 % (P<0.001), and 20.70-64.24 % (P<0.01),
respectively [21]. Se supplementation can cause increases in
erythrocyte and plasma total antioxidant status (TAS),
erythrocyte-reduced GSH and GSH-Px in patients with epi-
lepsy and refractory epilepsy [43]. In our present study, bio-
markers of oxidative stress via enzyme activity and mRNA
levels in chicken thymus were significantly changed in the 10
and 15 mg/kg Se supplement groups at all time points, which
might be due to Se influences on growth of animals via bio-
markers of oxidative stress [44]. These results are in agree-
ment with the findings by Hoffmann and Berry [8] and
Rayman [7], who reported that Se deficiency impacts immune
function. Interestingly, the activities of SOD, CAT, and GSH-
Px in the low Se supplementation group at 15 days were
higher than those in the corresponding control groups. An
important feature of antioxidant enzymes is their inducibility
under conditions of oxidative stress, which might be an im-
portant adaptation to poisoning-induced stress [26]. The in-
duced antioxidant activity indicated a response against in-
creased ROS production in Se poisoning. These results also
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letters on the top of the bars in panels a and b indicate significant
differences (P<0.05) in the mRNA level between different Se
supplement levels at the same time points. A shared common letter on
top of the bars indicated a lack of significant difference (P> 0.05)

@ Springer



494

Wang et al.

revealed that thymus plays an important role in the immune
response to concurrently protect immune cells from ROS
damage and high Se status might exacerbate oxidative stress.
These results are in agreement with the histopathological
changes observed in our study. Our histological results
showed that the thymus tissue in excessive Se-treated
chickens revealed different degrees of cortex drop,
incrassation of medulla, and degeneration of the reticular cells.
The results were similar to histopathological alterations of
chicken thymus under manganese poisoning [28]. The detec-
tion of inflammatory cytokines has become one of the indices
that could be used to evaluate the state of organism immunity.
Certain studies showed that the levels of Se in organisms are
closely associated with the function of inflammatory cyto-
kines [45, 46]. Wu et al. reported that the content of serum
IL-2f3 in the Se-poisoned ducks increased slightly in the early
stage but showed a notable decrease in the later stage.
Similarly, the concentrations of IL-2 and IFN-y in serum
and thymus and the mRNA levels of IL-2 and IFN-y in the
thymus were also observed in excessive-Se-treated chickens
in this study, indicating disruption of organism homeostasis by
this element. The changes in these inflammatory cytokines in
the Se poisoning animals could be due to the excess Se, which
caused injury to the immune organ (such as thymus), a de-
crease in production of T lymphocyte, and a decrease in the
IL-2 and IFN-y produced by T lymphocytes [47]. No reports
were found in the literatures on the effects of subchronic Se
exposure on IL-2 and IFN-y in chickens, making the current
study, to the best of our knowledge, the first report on inflam-
matory cytokines caused by excess Se exposure. It is possible
that Se toxicity could be a consequence of the disruption of
normal metal and trace elements. This disruption could in turn
cause problems in metabolic pathways and cascades in the
organism, which might subsequently lead to inflammation
and, finally, to increased oxidative stress [48].

In conclusion, this study indicated that excessive Se influ-
ences the concentrations of IL-2 and IFN-y in the serum and
thymus, mRNA levels of IL-2 and IFN-y, histopathological
changes in the tissues, and changes in the antioxidant status of
chicken thymus. Our study suggested that excessive dietary
Se could result in a decrease in immunity, an increase in ox-
idative damage, and a series of clinical pathology changes,
such as a cortex drop, incrassation of the medulla, and degen-
eration of the reticular cells.
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